Abstract-A new planar antenna, suitable for use on a shoulder, has been studied for police and fire service portable radios in the 350-MHz band. This shoulder-mounted antenna, which is a type of planar inverted F antenna (PIFA), features extreme compactness while maintaining a higher gain than that of a conventional whip antenna and small impedance changes in the presence of a human body. The low-profile structure enables the antenna to be unseen when the operator wears a jacket. A prototype of the antenna has been built and tested, and the measured impedance characteristics and the radiation patterns are presented. Emphasis is placed on the effect of the human body. The antenna provides a gain of 5.5 dBd, which is 3.5 dB higher than that of a whip antenna. Field measurements verified the excellent performance under a multiple propagation environment.
I. INTRODUCTION
In public mobile radios for police and fire services, the antenna structure should be chosen so as not to interfere with an operator's duty while maintaining antenna performance. However, for a conventional whip antenna mounted on the radio body [1] , it is not easy to meet these requirements, and several studies have reported on a human bodymounted antenna which can be used separately from the radio unit for such public service portable radios. H. E. King investigated a shouldermounted multiturn loop antenna operating in the 150-MHz band [2] . A head-mounted inductive loaded whip antenna has been studied operating at VHF frequencies [3] .
As a compact and low-profile antenna for portable radios, the planar inverted F antenna (PIFA) has been used in the 800-MHz band [4] , [5] . The PIFA is capable of transmitting and receiving both vertically polarized (VP) and horizontally polarized (HP) waves and may thus be suitable for a built-in antenna for portable telephones used in a multiple propagation environment. This antenna functions as an efficient radiating element only when it is mounted on a relatively large radio set. With a small size radio set, one may use a separate antenna from the radio unit. To this end, a small and simple ground structure is convenient, and the monopole antenna with radially oriented ground conductors is commonly used in wire antennas [6] . However, little has been reported on planar antennas with such simple ground structures. Now a new planar antenna, which meets a separate use requirement, has been studied in the 350-MHz band [7] . This shoulder-mounted antenna, which is a type of PIFA as shown in Fig. 1 , features extreme compactness while maintaining a higher gain than that of a conventional whip antenna and small impedance changes in the presence of a human body. The low-profile structure enables the antenna remain unseen when the operator wears a jacket. This paper presents a novel PIFA application to shoulder-mounted antenna and provides detailed experimental results of the characteristics. The following section describes the antenna structure and how it can operate with small ground planes. In Section III, empirical studies of the effects of the human body on impedances and radiation pattern characteristics will be shown. Their characteristics for various antenna dimensions and positions on the shoulder are discussed. Outdoor field measurement results are given in Section IV and show that the antenna is useful for public service mobile communications.
II. SHOULDER-MOUNTED PLANAR ANTENNA Fig. 1 shows the structure of the shoulder-mounted planar antenna. The antenna comprises a planar conducting element on a dielectric substrate of 0.6-mm thickness. The element is connected to a metal plate via a short conductor pin at its corner. Two ground planes, of length L and made of stainless steel plates of 0.05-mm thickness, are connected to both sides of the metal plate. Flexibility of the ground planes allows them to fit the curve of the shoulder as shown in Fig. 1(b) . The feed point is placed at the corner of the conducting element near the conductor pin and is connected to a coaxial cable through a matching capacitor. Without a capacitor the antenna has a very high impedance. The matching impedance can be adjusted by choosing the value of the capacitance and by moving the position of the feed point. In our experiments, good matching was obtained with a capacitance of around 2 pF. The element has a few slits to lower the resonant frequency. Without slits, the antenna resonates at a frequency for which the element perimeter equals a half wavelength. The resonant frequency is lowered with the slits due to an increase of perimetral length of the element. This resonant mechanism is similar to that of the PIFA [8] .
In general, antennas with small ground planes, as described in this paper, often have problems with leakage current flowing in the outer conductor of the coaxial cable. To eliminate the leakage current, a quarter-wavelength trap or "Sperrtopf," a so-called "balun," is commonly used at the feed point [9] . However, it is inconvenient to use such a large trap in portable radios. For the antenna presented in Fig. 1 , the structure of the ground planes eliminates the leakage current in the feed cable as shown in Fig. 2 . The main current flowing in the element and the ground planes is depicted by the arrows in Fig. 2 . The currents were calculated using the moment method [10] . As is seen in the figure, the ground planes supply the currents for the inner surface of the coaxial cable's outer conductor. Without ground planes, these currents would originate from a leakage current flowing on the outer surface of the outer conductor, as illustrated by the two shaded arrows in the figure. These observations indicate the ground planes result in less leakage current. This behavior is also accounted for by the effect of the quarter-wavelength radial conductors in the ground-plane stub antenna [6] . The current flowing on the left-hand side and right-hand side of the ground planes is symmetrical due to the symmetrical antenna structure.
0018-9545/00$10.00 © 2000 IEEE In addition to the impedance characteristics mentioned above, the ground planes increase the antenna gain. As illustrated in Fig. 2 , when the ground planes are bent, as is usual in the shoulder-mounted case, the currents on the ground planes have a vertical and a horizontal component (C V ; C H ); and the vertical component C V increases as the bend angle increases. In such situations, a larger VP wave (EV ) is created, compared to the antenna without ground planes, due to the vertical current component. Fig. 4 shows the experimental results of the VP and HP radiation patterns in free space with and without ground planes. By attaching the ground planes, a decrease in the horizontally polarized radiation intensity and an increase in the VP counterpart was observed. This suggests that the ground planes act as efficient radiation elements for the VP waves together with the antenna element itself. The experiments show that for L = 70 mm, an increase in bend angle results in an increase in the maximum gain in the x-y plane and a gain increment of more than 3 dB is obtained at an angle of 60
: Fig. 4 also shows that the VP radiation pattern is almost omnidirectional while the currents are distributed on the ground planes as shown in Fig. 2 . This phenomenon is accounted for by the fact that the spacing of the ground planes becomes small, compared to the wavelength, when the bend angle is large.
III. INFLUENCE OF THE HUMAN BODY
Since the antenna is shoulder-mounted, the influence of the human body on the antenna characteristics was studied. Fig. 5 shows the VSWR characteristics of the antenna mounted on the shoulder along with those in free space. Fig. 5 clearly indicates the effect of the ground planes on impedance changes by the access of the human body. Without ground planes, a change of the resonant frequency of 10 MHz is observed between the free space and the shoulder mounted antenna while the change is reduced to 0.5 MHz by connecting the ground planes. These characteristics indicate that the ground planes permit the antenna input impedance to remain essentially constant even for the case where the antenna-to-shoulder gap is changed due to the operator's clothes and motions. The resonant frequency change in Fig. 5 was measured as a function of the ground plane length. The results indicate that the resonant frequency change decreases rapidly with increased ground plane length up to L = 70 mm [7] . Fig. 6 shows the VP and HP radiation patterns from a shoulder antenna mounted on a man's left shoulder at 362 MHz and that of a whip antenna of 210-mm-length mounted on a radio body in a left chest pocket. The whip antenna exhibited an omnidirectional radiation pattern in free space in the x-y plane with a gain of 00.6 dBd. The figure shows the different radiation properties of the two antennas. For the vertical waves, the maximum radiation of the shoulder antenna is in the direction away from the human head (y-axis) while that of the whip antenna is in front of the human body (x-axis). The maximum gain of the shoulder antenna is 05.5 dBd, which is 3.5 dB higher than that of the whip antenna. The azimuthal average gain of the shoulder antenna, calculated from the measured radiation pattern, is 08.1 dBd, which is 4.4 dB higher than that of the whip antenna. Fig. 6 also shows that the vertical polarization component of the shoulder antenna is 13 dB greater than the horizontal one. This implies that the effective gain [11] in a practical radio wave environment is mainly determined by the vertical polarization component. Comparison of Fig. 6 with Fig. 4 indicates the effects of the human body on the radiation pattern. When the antenna is in free space, as in Fig. 4 , the VP radiation pattern is almost omnidirectional. However, the pattern is significantly affected by the human body as indicated by Fig. 6 . Note that there is a shadow region behind the head and a gain reduction of more than 10 dB was observed. Fig. 7 shows the maximum gain in the x-y plane as a function of the ground plane length L when the antenna is mounted on the shoulder. The figure indicates that the gain increases gradually with increased length, up to L = 70 mm, and falls off after that. The figure also indicates that increasing antenna thickness results in a considerable increase in gain. Further studies indicate that an increase in the side length of the element (a; b) result in a wider bandwidth (VSWR < 2) and a higher gain. A gain of 03.5 dBd and a bandwidth of 12 MHz were obtained for t = 20 mm when the side lengths were 60 mm. From Fig. 7 and the resonant frequency changes mentioned previously at L = 70 mm, a high gain and a small resonant frequency change in the presence of the human body are obtained. The antenna gain is expected to be a function of the antenna-head spacing S and the antenna-shoulder gap G shown in Fig. 1(b) . When G = 0 a gain reduction of more than 3 dB was observed with the antenna approaching the head, i.e, S reducing from 75 to 40 mm. It was also observed that when S = 75 mm, a gain increase of 1 dB was obtained when G was increased from 0 to 13 mm. The position S = 75 mm and G = 0 is the one at which all the other measurements in this section were made.
IV. FIELD MEASUREMENT
In order to evaluate the radiation characteristics of the shoulder antenna under radio wave multiple propagation environments, field measurements were conducted. Fig. 8 shows a picture of the experimental setup and the route taken during the measurement. The measurement route was surrounded by four 20-m-high buildings and was approximately 80 m from a transmission dipole antenna placed 1.5 m above the ground. All receiving points on the route were out of sight of the transmission antenna. Measurements of the receiving signal level over the route were carried out using a test antenna mounted on the shoulder and a reference quarter-wavelength whip antenna mounted on a radio body in a left chest pocket. The receiving signal level of the two antennas were recorded while a man carrying the antenna walked along the route. The signal levels were recorded every 10 ms, and the average signal level was calculated from all data over the route.
The measured data are summarized in Table I . The gain is normalized with respect to the average received signal level of a standard vertical dipole antenna in free space placed at shoulder height moving along the same route. According to these measurements, the shoulder antenna was found to have 4-5-dB higher gain than that of a conventional whip antenna. This result is consistent with the azimuthal average gain results calculated from the measured radiation pattern shown in Fig. 6 . This is accounted for by the fact that the incident wave arriving from the transmission antenna has a uniform distribution in azimuth under multiple radio environments. In such situations, the antenna effective gain [11] is strongly related to the average gain instead of the maximum gain.
V. CONCLUSION
A novel PIFA application to shoulder-mounted planar antenna for mobile radios at 350 MHz has been presented. The antenna is simple in structure and provides a gain of 05.5 dBd, which is 3.5 dB higher than that of a conventional whip antenna mounted on a radio in a left chest pocket. In addition, small impedance changes in the presence of the human body are obtained. Field measurements verified the excellent performance of the antenna. These features contribute to realizing stable and high-quality mobile communications.
I. INTRODUCTION
In receivers for fading channels, is the error floor due to the channel's time variation or the receiver's suboptimality? If the former, then "irreducible" is a fair appellation; if the latter, then the error floor can be lowered arbitrarily by implementing a more nearly optimal receiver. Wherever the fault lies, error floors arise with great ease in fast fading channels. It is shown in [4] for frequency-flat channels that the error floor can be lowered arbitrarily by increasing the predictor length. It is also stated that an error floor for a finite length predictor is inevitable. In both [2] and [3] for time-varying frequency-selective channels, the existence of an error floor is proven, but all results lack rigor. Accordingly, we reconsider the error floor. For compactness, we only study practical MLSD's using linear prediction, although the results also apply to the MLSD's using Kalman filters.
The signal model is developed in Section II. In Section III, the conditions for optimality and for an error floor are examined. In Section IV, these insights are checked via simulation and analysis.
II. SIGNAL MODEL
The cascade of a transmitter, a time-varying frequency-selective Rayleigh fading channel (which also adds white Gaussian noise), a noise-limiting receive filter, and a Tr-spaced sampler equals where L ys r l L yf r; the T -spaced data sequence
